T HE human locomotor system encounters many environmental hazards during daily living. Whereas slippery floors or poorly lit stairs represent minor challenges to the young motor system, such perturbations lead to falls in up to one half of the population over age 65 (1). The initial defense mechanism mediating the motor reactions to these perturbations is stiffness, the dynamic interaction between the joint displacement and force (2). Corrective motor responses to perturbations occur in 50 to 200 ms and the nervous system must regulate stiffness. Such a modulation can occur by adjusting joint (3), muscle (4), or endpoint stiffness (5) and according to perturbation amplitude (6) or muscle activation (7). These studies assessed stiffness regulation by the nervous system in a single-joint experimental paradigm.
T HE human locomotor system encounters many environmental hazards during daily living. Whereas slippery floors or poorly lit stairs represent minor challenges to the young motor system, such perturbations lead to falls in up to one half of the population over age 65 (1) . The initial defense mechanism mediating the motor reactions to these perturbations is stiffness, the dynamic interaction between the joint displacement and force (2) . Corrective motor responses to perturbations occur in 50 to 200 ms and the nervous system must regulate stiffness. Such a modulation can occur by adjusting joint (3), muscle (4) , or endpoint stiffness (5) and according to perturbation amplitude (6) or muscle activation (7) . These studies assessed stiffness regulation by the nervous system in a single-joint experimental paradigm.
There is a paucity of information on stiffness regulation during complex human movement in the aged person. In their now classical study, Wright and Johns (8) observed that the fingers of asymptomatic subjects in the sixth decade were 10 times stiffer than those in the first decade. Long and colleagues (9) also observed significantly stiffer metacarpophalangeal joints in healthy elders, with men showing higher values than women. When the first metacarpophalangeal joint was isolated and compared between young and elderly men, joint stiffness was about 30% higher in the elders (10) . These studies assessed joint stiffness by the oscillation technique (11) . More recently, using a linear regression method (12) , elders revealed only moderately greater ankle joint complex stiffness than young adults (13) .
We have expanded on these findings by moving from single joint stiffness measurements to an assessment of the stiffness of an entire extremity during multijoint human movement. Although such an approach is not without controversy (14; also see Discussion), recent experiments suggest that the simple spring-mass model is valid for the determination of extremity stiffness in harmonic human movements (15, 16) . To this aim, a stepping down paradigm was developed that elders can easily execute without movement complexity interfering with the stiffness measurements. We selected stepping as it is a daily activity subjects have lifetime familiarity with; hence any age-related differences in lower extremity stiffness would be relevant for a functional task and not just for an isolated joint.
Aging substantially reduces movement capabilities. For example, by age 70 range of motion decreases up to 50% (17) , muscle strength and mass decline up to 40% (18) , muscle activation becomes less complete (19) , and rate of tension development slows (20) . With a multitude of impairments in the motor system it is conceivable that elderly individuals would employ a compensatory strategy to safely negotiate external perturbations. Such compensations may include postural adjustments, slower movements, or an avoidance of the perturbation altogether. Because joint excursion and muscle strength are intrinsic elements of stiffness and are both affected by age, we hypothesized that elderly compared with young women would perform stepping with greater lower extremity stiffness. It is clear that aging increases tissue (21) and joint stiffness (10, 22) . As an extension of these observations, the current work is an attempt to validate these findings for a functional task and correlate the postulated greater lower extremity stiffness of elders with an altered movement strategy.
METHODS

Subjects
Sixteen young and 14 elderly community-dwelling women were recruited by newspaper advertisement and word of mouth. Young subjects were between the ages of 18 and 25
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HORTOBAGYI AND DEVITA (mean ± SD, 20.8 ± 1.8 years) and the elders between 60 and 82 (70.1 ± 6.7 years). Young and elders were similar in height (young, 1.67 ± 0.08 and old, 1.61 ± 0.09 m) and mass (young, 65.7 ± 8.7 and old, 69.9 ± 16.1 kg). All subjects were apparently healthy and had not exercised more than once a week during the 3 years preceding the study. Elders were required to provide a physician's approval to participate in the study. This approval report as well as a medical questionnaire were used to see whether an elderly subject met the criteria of having less than two major risk factors for coronary artery disease as defined by the American College of Sports Medicine (23) . Subjects with more than two risk factors for coronary artery disease, a history of falls, osteoporosis, osteoarthritis, orthopedic or neurological conditions (i.e., stroke), medication that causes dizziness, smoking, a body mass/height ratio greater than 28, high blood pressure (140/90 mm Hg), or a heart condition were excluded. There are no data in the literature to suggest that race is a factor in stiffness, hence the study was not controlled for race and two African American elders were included. Prior to testing, subjects read and signed a written informed-consent document approved by the University's Policy and Review Committee on Human Research.
Subject Preparation
Each subject dressed in black, spandex bicycle shorts, and wore dark running shoes. Height and mass were measured. Reflective markers were placed on the right side of the body including the lateral side of the shoe at the heel and over the fifth metatarsal head, and on surface locations above the lateral malleolus, the femoral condyle, and the greater trochanter, and on the front corner of the force plate. As a familiarization, subjects performed as many step down trials from 10% and 20% of body height as they needed to feel comfortable.
Stepping Paradigm
Subjects stepped down with the right leg from a platform adjusted to 10% or 20% of body height. Elderly and young subjects had similar body heights and therefore the average step heights were also similar for the two groups. The 10% stepping height was 0.164 m (6.5 inches), a typical stairway step height. The 20% height was 0.328 m (13 inches) and it was used to simulate larger impacts and to compare the populations in a difficult functional task. By maximizing the treatment effect we hoped to identify meaningful differences between elderly and young subjects.
The platform was positioned in relation to the edge of the force plate so that each subject could comfortably land on the middle of the force plate. A trial consisted of a subject stepping off the platform with the right foot and landing with the ball of the foot on the middle of the force plate without excessively pushing off from the platform by the trailing leg. Touch down with the right foot was followed by stepping off the platform and over the force plate with the left foot. The arms were positioned naturally on the side of the body. Subjects kept the force plate in view with peripheral vision and aimed central vision forward. In one session, five trials per height were recorded excluding offbalance trials, trials landing on the heel, or double foot contact of the force platform. There were 30 seconds of rest between trials. For safety, a researcher stood behind each subject while stepping, but all subjects were able to execute the task without assistance. The order of stepping height was systematically alternated between subjects.
Data Recording and Analysis
Subjects' stepping movements were videotaped at 60 Hz with a Sony CCD-Iris black and white video camera (model SSC-M350, Tokyo, Japan) and recorded with a super VHS JVC video cassette recorder (model HR S5100u, Elmwood Park, NJ). The camera was placed 8 m from the subject and its optical axis was 90°in relation to the subject's sagittal plane. Subjects stepped on a force plate (LG-6-4-1, AMTI, Newton, MA) connected to a sixchannel differential amplifier. The vertical and horizontal ground reaction forces and the mediolateral moment signals were digitized at 1 kHz by a 12-bit analog-to-digital converter (Keithley Metrabyte, DAS-1402, Taunton, MA) and stored by the Myosoft software (Noraxon Inc., Scottsdale, AZ) on a Pentium personal computer. Video data were digitized (Peak 5 software, Peak Performance Technologies, Englewood, CO), starting with the frame of touch down to the frame of maximal knee flexion. High-frequency digitizing error was removed from the position data with an automatic, low-pass digital filter, using a cutoff frequency of about 7 Hz. The position data were then interpolated to 200 Hz and this higher frequency allowed the synchronization of kinematic and kinetic data by relating every fifth force data point to each interpolated video data point.
Computations
Figure 1 summarizes the experimental set-up and delineates the method of computing lower extremity stiffness. The lower extremity was modeled as a linear spring, an approach validated previously for multisegment harmonic human movements (15, 16) . Lower extremity was defined as the anatomical structure between the fifth metatarsal head and the hip joint of the stepping leg. Stress (Fmax) was derived as the maximal value of the resultant ground reaction force vector applied under the foot and directed from the fifth metatarsal head to the hip joint during the time interval between ground contact and the instant of maximal knee flexion. It was valid to use the force vector under the foot pointing to the hip joint because the loci of the center of pressure and the fifth metatarsal head coincided within 1 em for the period of the analysis. Strain (X max ) was determined as the maximal shortening of the distance between the fifth metatarsal head and hip joint during the time interval. between ground contact and the instant of maximal knee: flexion. Lower extremity stiffness, k, was then computed as k = Fma/Xmax and expressed in kilonewtons per meter (kN/m). Ankle and knee joint positions and angular velocities were also computed over the movement phase between ground contact and the instant of maximal knee flexion.
Statistical Analysis
All analyses were done with the BMDP PC-90 statistical package (Los Angeles, CA). The key analysis was an age (young and old) by stepping height (10% and 20%) facto- Reflective markers were placed on the heel (not shown), fifth metatarsal head (a), lateral malleolus (b), femoral condyle (c), and greater trochanter (d). Before reaching maximal knee flexion (C), lower extremity strain was determined as the maximal shortening of the distance between the fifth metatarsal head and hip joint (dashed line, X m ",) and stress was determined as the maximal value of the resultant ground reaction force vector applied under the foot and directed from the fifth metatarsal head to the hip joint (Fm",)' Lower extremity stiffness was computed as k = Fm",IX""".
rial analysis of variance with repeated measures on stepping height for each dependent variable including stress, strain, stiffness, joint position at ground contact and maximal knee flexion, range of motion, and maximal joint velocity. Linear regression was used to assess the relationship between stiffness and stress, strain, and joint range of motion. In addition, a forward stepwise regression analysis was performed to determine the variables that have an independent contribution to lower extremity stiffness. Due to the high correlation between ankle and knee joint range of motion and strain (r = .90 for both), we excluded strain from the regression analysis. Stress, ankle and knee range of motion, and ankle and knee joint position at the time of ground contact were the variables entered in the regression model. These variables were normally distributed as indicated by a test for skeweness.
Stiffness
For stress, the age by stepping height interaction (F = 0.3, p =.58) and the group main effect (F =0.4, p =.55) were not significant ( Figure 2A ). As expected, the stepping height main effect was significant (F = 95.8, p = .00 (1) . There was about 50% more stress during stepping from 20% (1454 ± 325 N) compared with 10% height (972 ± 283 N). For strain, the age by stepping height interaction was not significant (F = 0.6, p = .67). The stepping height main effect was significant (F =22.9, p =.00(1). There was 27% subjects (-230 ± 63°/s vs -168 ± 60 0/s) and maximal knee joint angular velocity was 45% greater in the young than in the elderly subjects (-117 ± 47°/s vs -64 ± 51"Is). 
Regression and Correlation Analyses
Figures 5A and 5B show the linear regression of stiffness on maximal stress and strain, respectively. Stress and strain accounted for 17% and 43% of the variance in stiffness. Figures 6A and 6B illustrate the linear regression of stiffness on ankle and knee joint range of motion. Respectively, these variables explained 44% and 28% of variance in stiffness. The correlations between ankle and knee joint range of motion were r = .69 and r = .58 (40% common variance combined) for 10% and 20% stepping height in the young, more strain during the 20% (0.0551 ± 0.017 m) compared with the 10% condition (0.0430 ± 0.0151 m). The age main effect was also significant (F = 10.4, P = .0036). Figure 2B shows that during stepping, the distance between the fifth metatarsal head and the hip joint shortened 28% more in the young (0.0565 ± 0.016 m) compared with elderly subjects (0.0405 ± 0.015 m).
For stiffness, the age by stepping height interaction (F = 0.9, p =.33) and the stepping height main effect (F =1.2,p = .21) were not significant. Stiffness was similar during stepping from 20% (28.0 ± 1 3.3 kN/m) compared with the 10% condition (26.5 ± 10.4 kN/m). There was a significant age main effect (F = 9.2, p = .0043). Figure 2C shows that elderly subjects had 50% greater lower extremity stiffness (33.35 ± 14.3 kN/m) than young subjects (22.35 ± 6.2 kN/m).
Joint Velocity
There were no significant interaction or stepping height main effects in maximal ankle or knee joint angular velocity (interaction for ankle: F =1.5, p =.20, and for knee: F = 3.1, p = .09). There were significant age main effects for maximal ankle (F = 17.9, p = .0003) and knee joint angular velocity (F = 13.0, p =.0014). Maximal ankle joint angular velocity was 27% greater in the young than in the elderly
Joint Position
Analysis of variance revealed no significant interaction (F = 0.1, P = .91) or main effects (F = 0.9, p = .66) in ankle joint position at the time of ground contact, with a grand mean of 16.7°(± 6.9°) of plantarflexion. There also was no age by stepping height interaction for ankle joint position at the instant of maximal stress (F = 3.7, P = .06), but there was a significant age main effect (F =21.9, p =.0001). Figure 3A shows that elderly subjects had almost 10°less dorsiflexion at the time of maximal stress than young subjects.
There were no significant interaction (F =1.6, p =.22) or stepping height main effects (F = 1.1, p = .32) for ankle range of motion, but there was a significant age main effect (F = 30.5, p = .0001). Figure 3B shows that ankle range of motion from ground contact to the instant of maximal stress was 42% smaller for the elderly than for the young subjects.
There were no significant interaction (F =2.2, p =.15) or stepping height main effects (F = 0.7, P = .79) for knee joint position at ground contact, but there was a significant age main effect (F = 6.0, p = .022); the knee joint was 3°l ess flexed in the elderly than in the young subjects.
There was a significant age by stepping height interaction for knee angle measured at maximal stress (F =4.9, p = .0371). Figure 4A shows that young and elderly subjects' knees flexed about same under the 10% condition (-19.7°vs -17.3°). However, the 20% stepping height resulted in 50% more knee flexion in young subjects but only 32% more in the elders.
There were no significant interaction (F =2.9, p =.10) or stepping height main effects (F = 1.3, p = .58) for knee joint range of motion during stepping, but there was a significant age main effect (F =51.5, p = .0001). Figure 4B shows that young compared with elderly subjects performed the stepping maneuver using 57% greater knee range of motion. .. Figure 4 . Knee joint kinematics. A, Age by stepping height interaction for knee flexion; increasing stepping height resulted in 10°more knee flexion in young subjects (*p < .05) but only 5°more in elders (*p < .05), the 7°between-group difference being also significant (tp < .05). B, Knee range of motion was 8°greater in the young compared with elderly subjects (*p = .0001). In B, data are pooled across 10% and 20% stepping heights. Table 1 shows the results of the stepwise regression analysis. Of the five variables in the model, ankle range of motion, stress, and knee joint range of motion predicted significantly and independently lower extremity stiffness. In a subsequent analysis, we fitted an expanded regression model including the age effect as well as terms to allow for a lack of equality of regression slopes between age groups. With age as a categorical variable and ankle and knee range of motion and stress in the final model, neither the age main effect (p = .55) nor the test for a lack of equality of slopes (p =.32) approached statistical significance.
DISCUSSION
Whereas Wilkie (24) has suggested abandoning altogether the use of the term stiffness for biological systems, others recommended alternatives. In its originally intended context, stiffness was defined as the ratio of an external force applied to a spring in relation to the spring's displacement (14) . A deviation from this definition necessitates the use of alternatives such as quasi stiffness or apparent stiffness when. measurements of human movement are performed not at equilibrium or other than elastic forces are present (14) : Notwithstanding such warnings, biophysical (25) and neural (26) responsiveness of the human motor system to external perturbations is invariably interpreted in the context of stiffness regulation (2) . The current work does not attempt to resolve this controversy; instead it expands on earlier findings on total limb stiffness (15, 16) related to aging. As these authors have done, we also have modeled the human lower extremity as a spring-mass system and assumed addativity of stiffnesses generated by the tissues surrounding the ankle and knee joints. Although mechanistically the addativity assumption may be tenable because a multispring system is the sum of the single spring-mass systems it involves (27) , this assumption may not be fully valid because soft tissues around a joint contribute to stiffness in a nonlinear fashion (22) . Another weakness of the present and previous studies is the inability to test the tenability of this assumption specifically for gross motor tasks such as running (16), landing (28), hopping (15) , and during downward stepping in the present study. A final assumption was that the trailing leg had a minimal 'influence on the stiffness data. Indeed, anterior ground reaction forces, which would indicate horizontally applied propulsive effort by the trailing leg, were not different between young and elderly subjects during stepping (data not shown).
The major finding of the present work was that elderly compared with young women had about 50% greater lower extremity stiffness during stepping. It is interesting to note that this age-related difference. in stiffness was driven by the difference in strain and not by stress (Figures 2, 5 and Table 1) as stress was not different between groups and strain explained more of the variability in stiffness. Strain had a significant negative correlation with stiffness, providing some validity to our measure of stiffness (11) . The agerelated differences in stiffness were unbiased by body mass and height because the two age groups were similar in mass (that could influence stress) and height (that could influence strain). Thus normalization of stiffness by mass and height was not necessary.
Strain-dictated differences in stiffness suggest possible differences in movement strategies employed by the young and elders during downward stepping ( Figure 6 ). The different movement strategies appeared as different alignments of the knee and ankle joints and therefore of the entire limb. Reduced range of motion has been observed previously in the aged while the limb was moved actively by the subjects or passively by a researcher under unloaded conditions. For example, women have been shown to lose 50% of range of motion in the ankle and men 35% from Note. Due to the high correlation between strain and ankle and knee joint range of motion, strain was not entered in the model. Ankle and knee joint position at ground contact during downward stepping reached insufficient F levels to enter the model. n = 60, data pooled for young and elderly subjects and the 10% and 20% stepping heights. Beta = unstandardized regression coefficients; St. Beta = standardized regression coefficients; ROM = range of motion; F statistic of variable from final model; p value from final model. age 55 to 85 (17) . The present data add to these findings because we observed reduced range of motion during movement and not simply in the limits of maximum range. However, our estimate of smaller total ankle range of motion in the elders during stepping is probably an underestimation of the maximal range of motion because range of motion was measured between touch down and the point of maximal stress which occurred prior to reaching the limit of ankle joint range of motion. The smaller ankle range of motion in the elders was caused by a smaller terminal ankle joint position as touch down positions were similar in the two age groups. The smaller ankle range of motion in the elders is associated with a reduced stretch of the plantar flexors, leading to a limited ability to propel the body forward during the subsequent step (17) .
The change in postural strategy by the elders during stepping was even more prominent in the kinematics of the knee joint. Significant differences in touch down and terminal knee joint positions resulted in 57% less knee joint range of motion during stepping from the 20% height. Increasing stepping height increased knee joint flexion in the young but this increase was substantially less in the elders (Figure 4 ). This latter interaction between age and stepping height suggests a reduced adaptability of the aged neuromuscular system to greater motor challenges. The difference in movement strategy, i.e., the reduced range of motion in performance between the young and elderly subjects can be interpreted as a compensation for significantly reduced muscle strength (about 40% reduction in quadriceps strength, unpublished observation). Perhaps the agerelated strength loss of the eccentrically contracting plantarflexors and quadriceps (29) , as well as the slower rate of tension development (20) , made the elders land with a straighter lower extremity. Such posture would place the ankle and knee joint centers closer to the line of the stress vector (Figure 1 ), making the elders anticipate a safer landing and reducing the chance of falling. The present results of greater lower extremity stiffness with reduced knee flexion in the elders was in agreement with evaluations of a variety of movements. McMahon (16) and Farley (15) and their colleagues identified this relationship in running and hopping whereas DeVita and Skelly (28) showed that stiffer landings after a vertical fall were performed with less knee flexion compared with more compliant landings. Clearly, a stiffer landing requiring less muscle effort (28) would match the reduced strength capabilities of the elderly subjects.
There was about 40% common variance between ankle and knee joint range of motion during downward stepping in young but only 10% common variance in these variables in the elders. These data suggest that joint rotations in the lower extremity were more independent in the elderly than in the young subjects. We interpret these data to mean that young compared to elderly subjects have somewhat greater synchronization between their lower extremity joints during downward stepping (30) .
Stepwise regression of selected variables on lower extremity stiffness on the pooled data of all subjects revealed that ankle joint range of motion explained 43%, stress explained 26%, and knee joint range of motion accounted for 3% of the variability in stiffness. Ankle and knee joint position at the time of ground contact did not enter the regression model. Because ankle and knee joint range of motion were significantly different between the two age groups during downward stepping, it is clear that the variability in ankle range of motion plays a key role in the increased lower extremity stiffness of the elders (17) .
The joint angular velocity data are also in line with the elders selecting a more erect posture during stepping. Ankle and knee angular velocities were 27% and 45% less in the elders compared with young in the two stepping conditions. Such differences in angular joint velocities imply that young subjects moved downward faster and reached greater positive acceleration during the stretch phase of stepping to reach zero velocity. Indeed, vertical linear velocity 'of the ankle, knee, and hip joints at ground contact was 16% greater in the young subjects. These data suggest that young subjects' plantarflexors and knee extensors are capable of absorbing more energy compared with the elders, a phenomenon observed in a previous work during jumping (30) .
An interesting observation was that lower extremity stiffness remained constant as stepping height increased. Farley and colleagues (15) demonstrated that individuals adjusted their lower extremity stiffness during running according to the stiffness of the floor so that the stiffness of the total system (floor and limb stiffness) remained constant. The present results of constant lower extremity stiffness across stepping heights are similar to these findings and both studies suggest that humans select a desired level of lower extremity stiffness independent of the environmental perturbation. These data suggest that stiffness is a regulated parameter.
What mechanisms could mediate the age-related increase in lower extremity stiffness during stepping? One possible mechanism of increased lower extremity stiffness is related to elders using a straighter lower extremity during stepping down. Preliminary data suggest that such a posture would result in a greater reliance on the skeletal system and less on the muscles during the impact of landing (31) . Another and parallel mechanism could be an increased muscle coactivation during landing (32) . Larger hamstring coactivation around the knee joint and larger tibialis anterior coactivation around the ankle joint would increase the stiffness of each joint resulting in an increased lower extremity stiffness. A third possibility is that muscle fiber type plays a role in the increased lower extremity stiffness of the aged. Aging increases the relative proportion of type I (slowtwitch) muscle fibers (18) , and there is some evidence suggesting that muscles with a predominance in type I fibers are significantly stiffer (33) . In contrast, strength training specifically hypertrophying type II fibers decreased muscle stiffness (34) . At this time we are unable to quantify the individual contributions by these various mechanisms to the greater lower extremity stiffness in the elders. Functionally the increased leg stiffness in elders during downward stepping suggests a reduced capability to smoothly adjust to expected and unexpected environmental challenges. Increased lower extremity stiffness in the aged has implications for designing exercise programs that can increase range of motion as well as muscle strength and reduce stiffness (10, 35) . Finally, through gait retraining, elders may be able to acquire more compliant and smoother movement patterns during level walking and while ascending or descending stairs.
In conclusion, elderly compared with young women revealed about 50% greater lower extremity stiffness during downward stepping. Most likely, young women's greater muscle strength allowed them to perform downward stepping with greater joint excursions, whereas elders chose a strategy that resulted in substantially smaller joint excursions as well as muscle loadings. Stiffness was similar across stepping heights, suggesting that stiffness is set independent of the environmental perturbation. Elderly compared with young women used a slower movement strategy and a more erect posture during downward stepping to compensate for aging-induced functional impairments.
